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Abstract

The Vortex-induced Motions (VIM) phenomenon of semi-submersibles is relevant for the fatigue life of moorings and risers. Model tests
regarding the VIM behavior of a semi-submersible with four square columns were conducted in order to investigate the effects of the current
incidence and the aspect ratio of the immerged column. The experimental results show that the largest transverse amplitudes are around 70% of
the column width at 30� and 45� incidences in a range of reduced velocities from 5 to 8 when the aspect ratio of the immerged column is 1.90.
The largest yaw motion occurs at 0� incidence with the peak value around 4.5�. Similar characteristics of the VIM response are observed for the
semi-submersible with aspect ratios of 1.90 and 1.73. When the aspect ratio decreases 50% to 0.87, 30% decrease in the peak transverse
amplitudes can be seen.
Copyright © 2016 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

When a bluff body is exposed to a stream of fluid, alter-
nating vortices can shed downstream from one side to the
other of the structure, thereby creating an oscillatory hydro-
dynamic force. For a floating offshore platform, it moves
laterally with a period under this oscillating force, which is
called Vortex-induced Motion (VIM) in comparison with the
Vortex-induced Vibration (VIV) observed for long slender
structures such as risers. In general, the VIM behavior is
characterized by large amplitudes in the same order of

magnitude as that of the transverse section of the structure,
and low frequencies close to the transverse natural frequency
of the platform. Therefore, VIM causes significant drift in
the horizontal plane which reflects on the mooring lines and
risers regarding both extreme tension and fatigue life (see
Huang et al., 2003; Cheng et al., 2011).

The offshore industry has recognized the importance of
VIM phenomenon, and performed comprehensive evaluations
of VIM for spar and mono-column platforms, as pointed out in
van Dijk et al. (2003), Wang et al. (2009), Zhang et al. (2012,
2014) and Gonçalves et al. (2012a). For semi-submersibles,
however, the investigation into VIM was reported more
recently, as this phenomenon was only noticed with increasing
draft dimension of the columns. The confirmed presence of
VIM on the deep-draft semi-submersible (DDS) was found in
field measurements by Rijken and Leverette (2009) and Ma
et al. (2013). Rijken et al. (2011) and Rijken (2014) per-
formed a series of tests to examine the influence of some
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aspects that are relevant on VIM of the DDS, such as the
external damping, surface waves, appurtenances and column
shapes.

Low aspect ratio is characteristic of floating platforms and
has significant influence on the VIM phenomenon. Gonçalves
et al. (2012b) carried out tests on cylinders with two degrees-
of-freedom (DOF) at low aspect ratios and compared the re-
sults with high aspect ratio cylinders. The variations in the
motion amplitudes and Strouhal number were observed due to
the different aspect ratios. In the offshore scenario, Gonçalves
et al. (2010) investigated the VIM phenomenon of a mono-
column platform with different draft conditions, and indi-
cated that lower aspect ratio (namely, H/L, where H is the
immersed length of the column and L is the diameter or width
of the column) decreased the VIM response. In regard to semi-
submersibles, VIM is mainly excited by vortex shedding
around columns. Thus, the dimension of the column, espe-
cially the immerged aspect ratio, is crucial in determining the
VIM response of semi-submersibles. Waals et al. (2007)
conducted model tests to examine the effects of the mass
ratio, column height and different geometries on VIM be-
haviors of multi-column floaters (i.e. semi and TLP). The re-
sults showed that the immerged length of the column was
influential for the magnitude of VIM response. This work also
presented significant yaw amplitudes of multi-column plat-
forms. In the same sense, Gonçalves et al. (2013) carried out
model tests on VIM response of a semi-submersible at two
draft conditions, and indicated that VIM behavior of the semi-
submersible was highly influenced by the aspect ratio (H/L).
Moreover, a seakeeping model test of a conceptual DDS was
performed by Hong et al. (2008) to assess its global motion
performance in wind, wave, and current environments.
Although the test was not for the VIM of the DDS model, it
can be clearly stated that a DDS with deeper draft will
experience more significant VIM response with predictable
oscillation period. Under this context and aiming to obtain
more in-depth information on the influence of aspect ratio of
the immerged column, VIM behaviors of a semi-submersible
with four square columns were experimentally investigated
under five draft conditions.

In addition, the incidence angle for square columns is
important. Norberg (1993) pointed out that the Strouhal
numbers of a square cylinder for 0� and 45� incidence angles
were 0.13 and 0.17, respectively, and obtained different drag
force coefficients. For a semi-submersible with multiple col-
umns, the VIM phenomenon is more complex than that of
cylindrical structures owing to the wake interaction of vortices
shed from multiple columns. As a consequence of vortex
shedding from each column, the wake interference is different
for each current incidence. According to Gonçalves et al.
(2012c), the largest transverse amplitudes were around 40%
of the column width for 30� and 45� current incidences, and
the largest yaw motions were verified for the 0� current inci-
dence. In this study, VIM responses of a DDS at four different
current incidences varying from 0� to 45� were discussed to
determine the effect of current incidence.

2. Experimental program

2.1. DDS model

The experiments for a DDS model with a linear scale ratio
of 1:64 were conducted in a towing tank with a length of
130.0 m, breadth of 6.0 m, and depth of 3.0 m. In towing tests,
the platform moves together with the carriage in stationary
water and the resulting flow conditions are nearly constant.

The DDS has four square columns with four rounded cor-
ners each, connected to four square pontoons with four
rounded corners each. The model was a bare hull without any
appendages. The main particulars are listed in Table 1, based
on the dimensions defined in Fig. 1. D is the projected width of
the column normal to the current and is defined as

D¼ Lðjsin aj þ jcos ajÞ ð1Þ
where L is the column width and a is the current incidence
angle. The projected width (D) tends to govern the width of
the wake and is able to better represent the characteristic
length of the column section subjected to the current.

In order to investigate the effect of aspect ratio of the
immerged column on VIM response, five different draft con-
ditions were considered at 45� incidence, as presented in Table
2. The mass ratio, which is greatly influential in the VIM
behavior as reported by Waals et al. (2007) and Rijken (2014),
is the same in all draft conditions.

2.2. Model test setup

In the experiment, the DDS model was restrained through
an air bearing system and a horizontal mooring system con-
nected to the towing carriage, as shown in Fig. 2.

In the air bearing system, the DDS model was equipped
with four low-friction air bearings that slid along a smooth
horizontal plate, which was supported by the towing carriage.
The horizontal damping due to the friction of the air bearings
was investigated by the decay test in the air, and was found to
be less than 1% of the critical damping. Thus, the model was
allowed to move freely in the horizontal plane, and vertical
motions of the model were restrained. Moreover, the height of
the horizontal plate can be adjusted to ensure that the draft of
the model as well as the vertical pretension can be set as
required.

Table 1

Principal dimensions of the deep-draft semi-submersible.

Parameter Unit Value

Prototype Model

Column width (L) m 19.5 0.305

Column corner radius (Rc) m 3.0 0.047

Pontoon width (Lp) m 19.5 0.305

Pontoon corner radius (Rp) m 2.0 0.031

Pontoon height (P) m 10.0 0.156

Draft (H þ P) m 47.0 0.734

Centre-to-centre column spacing (S ) m 72.5 1.133
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The horizontal mooring system consisted of four horizontal
lines with soft springs was employed to provide the horizontal
restoring for the model and to match the natural periods in the
horizontal plane. The mooring lines were designed above the
water level to avoid disturbing the vortex shedding, as dis-
played in Fig. 3. Each horizontal line with a load cell was
attached to an anchor post on the carriage at one end and to the
top deck of the model at the other end. The top deck was built
with some studs located at a 15� interval as a ring. When the
current incidence need be changed, the model with the top
deck is rotated accordingly and the horizontal lines are
attached to the appropriate studs, which are able to allow the
same mooring configuration for all the different current in-
cidences. Therefore, the mooring stiffness was kept the same
for all the different current incidences, aiming to facilitate
result comparison.

The X and Y axes represent the global (basin-fixed) coor-
dinate system, as defined in Fig. 3. The current flow came
from eX, opposite to the towing direction. The angle between
each mooring line and horizontal axes was 45�, and the
mooring stiffness of each spring was 30 N/m. As a result, the
mooring stiffness are identical for the in-line and transverse
directions.

2.3. Test cases and data analysis

Aiming to investigate the influences of the current inci-
dence and the aspect ratio on VIM response of the DDS, the
test cases are listed in Table 3. Four current incidences were
chosen as 0�, 15�, 30�, and 45� for the aspect ratio of H/
L ¼ 1.90, and five aspect ratios were considered for the current
incidence of 45�. The model-scale current speeds ranged from
0.06 m/s up to 0.33 m/s, resulting in the corresponding

Fig. 1. Configuration definition: (a) characteristic dimensions of the DDS; (b) definition of the current incidence; (c) definition of the projected width.

Table 2

Main characteristics of the semi-submersible model tested with different draft

conditions.

Parameter Unit Draft condition

I II III IV V

Draft (H þ P) m 0.734 0.683 0.595 0.497 0.422

Immersed column height above

the pontoon (H )

m 0.578 0.527 0.439 0.341 0.266

Aspect ratio of the immerged

column (H/L)

e 1.90 1.73 1.44 1.12 0.87

Mass (m) kg 382.3 365.1 336.4 304.2 279.5

Displacement ðDÞ kg 422.3 403.4 371.7 336.1 308.8

Mass ratio ðm=DÞ e 0.91 0.91 0.91 0.91 0.91

Fig. 2. Model test setup in the towing tank.
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Reynolds numbers ranging from 1:8� 104 up to 1:0� 105,
which were below 3:0� 105, and indicated that the transition
range causing uncertainties in the boundary layer behavior of
the cylindrical structures was avoided. The Froude number
was the same in full scale and in model scale, and did not
exceed 0.2, similar to typical offshore applications.

The reduced velocity (Ur) is commonly defined as
Ur ¼ ðUT0Þ=D, where U is the incident current speed and T0 is
the natural period of the motion in the transverse direction.
From free-decay tests in calm water as shown in Fig. 4, the
natural periods for each configuration at the tested current
incidences were obtained and listed in Table 3. There are
slight differences in natural periods due to small differences in
platform mass and added mass.

During the towing tests, a non-contact optical capturing
system was used for measuring the 6-degree-of-freedom (6-
DOF) motions at the center of gravity of the model, and four
load cells were connected to the horizontal mooring lines for
measuring the axial tensions. The sample rate is 25 Hz in the
model scale. The data was recorded only when the current
speed was steady, and then the data containing 10e15
response periods was chosen to analyze the statistical char-
acteristics. This means the time series at both ends of the tow
tank runs, i.e., the accelerating and decelerating sections, were
not acquired. The calibration of the measuring system was
carefully carried out before the VIM tests.

The results are analyzed by taking the statistics from the
time traces and presented in model scale. The characteristic

Fig. 3. A schematic layout of the horizontal mooring system.

Table 3

Natural periods in calm water and submerged projected areas for the tested draft conditions. Values are at model scale.

No. Aspect ratio, H/L Current incidence, a Natural period in the transverse

direction, T0 (s)

Natural period of yaw

motion, T0y (s)

Submerged projected

area, AP (m2)

I 1.90 0� 19.4 17.1 0.577

15� 19.3 17.8 1.018

30� 20.2 21.3 1.184

45� 20.1 18.3 1.065

II 1.73 45� 19.2 18.7 0.999

III 1.44 45� 18.5 18.4 0.885

IV 1.12 45� 17.4 16.3 0.758

V 0.87 45� 16.2 14.8 0.661
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amplitudes of the in-line and transverse motions are non-
dimensionalized by the width of the column and defined as

ðA=LÞnominal ¼
ffiffiffi
2

p
*std$devðAÞ=L ð2Þ

where A denotes the motion amplitude (Ax and Ay are the
amplitudes of the in-line and transverse motions, respectively).

In the experiment, the total hydrodynamic forces were
derived from the following motion equations for a platform
with linear springs and damping in two uncoupled degree-of-
freedom, which was proposed by Sarpkaya (2004) as

m €XðtÞ þC _XðtÞ þKxXðtÞ ¼ FxðtÞ ð3Þ

m €YðtÞ þC _YðtÞ þKyYðtÞ ¼ FyðtÞ ð4Þ

where m is the platform mass; C is the structural damping
coefficient; Kx and Ky represent the linear spring constant in
the in-line, X, and transverse, Y, directions, respectively; FxðtÞ
and FyðtÞ are the total hydrodynamic forces acting on the
platform in X and Y directions, respectively.

The total hydrodynamic force is the sum of the inertial,
dissipative and restoring forces of the system in each given
direction. According to Gonçalves et al. (2012c), the structural
dissipative force can be disregarded, due to its much smaller
magnitude value than the other forces. Consequently, the total
hydrodynamic force is acquired by adding the inertial and
restoring forces. The restoring forces of the system, measured
by four load cells, are decomposed in the in-line and trans-
verse directions, also taking into account the yaw angle.

The hydrodynamic forces in the in-line and transverse di-
rections are normally represented in the non-dimensional
form, namely, the drag coefficient, CD, and the lift coeffi-
cient, CL, respectively, as

CDðtÞ ¼ 2FxðtÞ
rApU2

ð5Þ

CLðtÞ ¼ 2FyðtÞ
rApU2

ð6Þ

where r is the fluid density, and Ap is the submerged projected
area of the platform as shown in Table 3. The mean drag force

coefficient ðCDÞ and the root mean square value of the lift
force coefficient ðCLrmsÞ will be discussed to better understand
vortex shedding behavior and the VIM response.

3. Effect of current incidence

The VIM responses of the semi-submersible with H/
L ¼ 1.90 were investigated at current incidences ranging from
0� to 45�. As a consequence of employing a platform hull with
symmetrical geometry and without any appendages, this range
of current incidence covers the VIM phenomenon from 0� to
360�.

3.1. Response in the transverse direction

Fig. 5 presents the results of characteristic amplitudes and
non-dimensional frequencies for the motion in the transverse
direction of the semi-submersible with H/L ¼ 1.90 at 0�, 15�,
30� and 45� current incidences. It can be seen that the nominal
transverse responses at 30� and 45� incidences show the peak
amplitudes in the range of 5 � Ur � 8, with maximum values
of Ay=L around 0.67 and 0.75, respectively. Moreover, the
maximum amplitudes for 0� and 15� incidences are found at
the same reduced velocity range, but with smaller values of
approximately 0.3 and 0.4, respectively. According to
Fig. 5(b), for reduced velocities ranging from 5 to 8, the
dominant frequencies of the transverse motion ðfyÞ are close to
the respective natural frequencies of the motion in the trans-
verse direction ðf0Þ at different current incidences, i.e.,
fy=f0y1. The motion results in the transverse direction
confirm the existence of a resonant behavior (i.e., lock-in
scenario) on VIM of a DDS in a range of reduced velocities,
similar to the VIV phenomenon of risers and the VIM phe-
nomenon of spar platforms. However, at 0� incidence, the
amplitudes of the transverse motion increase sharply for
Ur > 12, and the response frequencies drop to around half of
the natural frequency of the transverse motion. This might be
related to the galloping phenomenon.

The root mean square values of the lift force coefficients for
the semi-submersible, in Fig. 6, present a maximum value
around CLrmsz0:7 at 45� incidence, corresponding to the most
significant transverse motions. A local peak of 0.6 is observed

Fig. 4. Decay tests of the transverse and yaw motions for the semi-submersible model with horizontal springs at 15� current incidence.
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for both 0� and 30� incidences; the maximum occurs at
Ury6:3 for 0� incidence and it occurs at Ury5:1 for 30�

incidence. In the range of 6 � Ur � 14, the root mean square
values of the lift force coefficient for 0� incidence are larger
than those for the other incidence at the same high Ur.
However, the fluctuating lift forces at 0� incidence are smaller
due to the smaller current speed and projected area to current.
Therefore, the transverse amplitudes are smallest at
0� incidence.

The examples of time history and spectral analysis via FFT
for the transverse motion and the lift force coefficient are
shown in Figs. 7 and 8, in order to better understand the VIM
behavior. The trends of the transverse motions for 15� and 30�

incidences are similar to that for 45� incidence, thus only the
results of cases at 0� and 45� incidences are presented. The
reduced velocities correspond to the pre-lock-in, lock-in and
post-lock-in cases, respectively. The motions in the transverse
direction synchronize with the lift forces for different reduced
velocities. This fact corroborated that the transverse motion is
governed by the fluctuating transverse lift force acting on the
semi-submersible.

In the pre-lock-in cases, there is almost no transverse
response of the semi-submersible for 0� incidence at
Ur ¼ 3:94. In contrast, the transverse motions are more

pronounced for the other current incidences in the pre-lock-in
region, especially for 45� incidence. This implies that the
onset of the transverse motion is delayed to a higher reduced
velocity ðUr > 5Þ at 0� incidence. However, the respective
largest transverse amplitudes for all current incidences occur
in the same range of 5 � Ur � 8. In the lock-in region, the
transverse responses at all current incidences show near con-
stant amplitudes and well-defined oscillation frequencies
around respective natural frequencies in the transverse direc-
tion. Additionally, the largest transverse amplitude,
Ay=Ly0:8, is found for 45� incidence at Ur ¼ 6:58. As
regards to the post-lock-in cases, the transverse responses
show more random amplitudes, and no single oscillation fre-
quency can be defined. Nevertheless, the lift forces fluctuate
with a higher frequency around twice of the respective natural
frequencies except for 0� incidence. Therefore, the motion in
the transverse direction shows high frequency characteristics.

3.2. Response in the in-line direction

Fig. 9 presents the characteristic amplitudes for the motion in
the in-line direction and mean drag force coefficients of the
semi-submersible with H/L ¼ 1.90 at different current in-
cidences. The in-line responses show larger amplitudes at 15�

and 30� incidences, with a peak value of Ax=Ly0:2 in the range
of 5 � Ur � 7. The in-line motions at 0� and 45� incidences are
clearly negligible compared to the transverse motions and tend
to increase slowly over a small range of values.

In the synchronization range of motion for each current
incidence, i.e. 5 � Ur � 8, the drag force coefficient reaches
its peak, owing to the largest motions in the transverse di-
rection. This behavior was also discussed in other studies on
VIM of semi-submersibles such as Rijken and Leverette
(2008) and Tahar and Finn (2011). For higher reduced ve-
locities, the mean drag force coefficient presents a uniform
value around 1.2 for 30� and 45� current incidences, whilst the
values for 0� current incidence are larger, CDz1:4. These
values are in agreement with the results from studies for an
array of four equally spaced cylinders (see for example Lam
et al., 2003; Liu et al., 2015), in which the larger drag force
coefficient was found for the a ¼ 0� configuration.

Fig. 5. Response in the transverse direction of the semi-submersible with H/L ¼ 1.90 at different current incidences: (a) non-dimensional amplitudes; (b) non-

dimensional frequencies.

Fig. 6. Root mean square values of the lift force coefficient for the semi-

submersible with H/L ¼ 1.90 at different current incidences.
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The examples of time history and spectral analysis results
for the in-line motion and the drag force coefficient at 0�, 15�,
30� and 45� incidences are shown in Fig. 10. The semi-
submersibles exposed to a steady current, are subjected to
in-line drag forces. Thus, the in-line motion appears at a new
equilibrium location, away from the hydrostatic position, and
which depends on the magnitude of the drag force. In

comparison with the transverse responses, the in-line re-
sponses involve diverse components and show more random
characteristics. However, the in-line motions at 15� and 30�

incidences are more regular and are concentrated in the
respective natural frequencies of the transverse motion, espe-
cially for 5 � Ur � 7. Therefore, in the synchronization range
of the transverse response, the motion in the in-line direction

Fig. 7. Examples of time history and spectral analysis for the motion in the

transverse direction and the lift force coefficient of the semi-submersible with

H/L ¼ 1.90 at 0� incidence.

Fig. 8. Examples of time history and spectral analysis for the motion in the

transverse direction and the lift force coefficient of the semi-submersible with

H/L ¼ 1.90 at 45� incidence.
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oscillates with the same frequency as the motion in the
transverse direction at 15� and 30� incidences, and a complex
coupling between the in-line and transverse responses may
occur. This is very likely to promote the in-line motion of the
semi-submersible.

3.3. Yaw response

The results of yaw characteristic amplitudes ðAyawÞ shown
in Fig. 11(a) reveal that the yaw responses of the semi-
submersible are considerable, as pointed out by Waals et al.
(2007) and Gonçalves et al. (2012c) in their experiments
with different types of semi-submersible platforms. The
measured yaw motions for all current incidences except for

0� are rather similar in trend. The largest yaw response is
observed at 0� incidence with a nominal value of around 4.5�

in the range of 6 � Ur � 8. The synchronization range with
large amplitudes of the yaw motion is 6 � Ur � 10 for all
current incidences, in which the dominant frequencies of the
yaw responses ðfyawÞ are close to the respective yaw natural
frequencies ðf0yÞ as presented in Figs. 11(b) and 12(a).

It is noticeable that for Ur > 12, the yaw amplitude in-
creases monotonically with the reduced velocity for 0� inci-
dence, which seems not to be self-limiting. Additionally, the
yaw motion of the semi-submersible is concentrated on a
lower frequency for 0� incidence at Ur ¼ 13:99, as shown in
Fig. 12(b). The increasing yaw response trend with a lower
oscillating frequency is more like a galloping phenomenon

Fig. 9. Non-dimensional amplitudes for the motion in the in-line direction and mean drag force coefficients of the semi-submersible with H/L ¼ 1.90 at different

current incidences.

Fig. 10. Examples of time history and spectral analysis for the motion in the in-line direction and the drag force coefficient of the semi-submersible with H/

L ¼ 1.90 at different current incidences.
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rather than typical VIM behavior, as reported by Waals et al.
(2007).

3.4. Motion trajectory in the XY plane

The motion trajectories in the XY plane for the semi-
submersible with H/L ¼ 1.90 at all current incidences are
plotted in Fig. 13. According to these results, there are no
eight-shaped trajectories as those typically presented in the
VIM phenomenon of spar and mono-column platforms. The
VIM response occurs primarily along the diagonal of the semi-
submersible except for the 0� incidence. In the lock-in con-
ditions, the VIM responses are more significant for all current
incidences. However, the observed trajectories show near-
straight line response in this range for 0� and 45� in-
cidences, while the trajectories for 15� and 30� incidences
resemble a pear shape owing to the larger in-line motions.

At a low reduced velocity, the VIM response is negligible
for 0� incidence, whereas it is more pronounced for 45�

incidence. At a high reduced velocity, the post-lock-in
behavior is very similar for different incidences except for
15�: varying oscillation frequencies and varying amplitudes. It
is worth noting that the great synchronization between the in-
line motion and the transverse motion is observed for 15�

incidence at Ur ¼ 13:59. The horizontal plane responses (i.e.,

the motions in the in-line and transverse directions, and the
yaw motion) show very harmonic oscillations with a similar
frequency approximately twice of the transverse natural fre-
quency, which is likely to contribute to the singleness of the
motion trajectory.

4. Effect of draft condition

The VIM responses of the semi-submersible with different
aspect ratios of the immerged column (i.e., H/L ¼ 1.90, 1.73,
1.44, 1.12 and 0.87) were investigated at 45� current inci-
dence. The in-line motion of the semi-submersible with H/
L ¼ 1.90 at 45� incidence is negligible in the present range of
the reduced velocity, as stated previously. Hence, the response
in the in-line direction of the semi-submersible with different
aspect ratios will not be discussed herein.

4.1. Response in the transverse direction

Fig. 14 presents the results of characteristic amplitudes and
non-dimensional frequencies for the transverse motion of the
semi-submersible with different aspect ratios at 45� incidence.
The largest amplitudes of the transverse response with values
of Ay=Ly0:75 are found for the deepest draft semi-
submersible (H/L ¼ 1.90) in the synchronization range

Fig. 11. Yaw response of the semi-submersible with H/L ¼ 1.90 at different current incidences: (a) characteristic amplitudes; (b) non-dimensional frequencies.

Fig. 12. Examples of time history and spectral analysis for the yaw motion of the semisubmersible with H/L ¼ 1.90 at 0� incidence.
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5 � Ur � 8. In this range, the resonant transverse motion
occurs with a dominant frequency around the natural fre-
quency of the motion in the transverse direction (i.e., fy=f0y1)
for all the five aspect ratios. Additionally, the transverse re-
sponses for three aspect ratios, i.e., H/L ¼ 1.73, 1.44 and 1.12,
show a similar peak value to that of the deepest draft semi-
submersible. However, the decrease in the transverse ampli-
tudes for the semi-submersible with H/L ¼ 1.44 and 1.12 are
more significant at higher reduced velocity ðUr � 10Þ, which
is correlated with the smaller hydrodynamic forces due to the
reduction of immersed length of the columns. It is interesting
to notice that the semi-submersible with H/L ¼ 1.73 shows

almost the same transverse response as that of the semi-
submersible with H/L ¼ 1.90.

As regards to the lowest aspect ratio (H/L ¼ 0.87), the
maximum transverse amplitude is Ay=Ly0:5 at Ur of
approximately 6. Therefore, with 50% of the immerged col-
umn height of the DDS, 30% decrease in the peak amplitude
can be seen. Nevertheless, Waals et al. (2007) indicated that
almost no flow induced motions could be observed for the
semi-submersible with the aspect ratio of H/L ¼ 0.87, in which
the semi-submersible consists of four sharp cornered columns
and four sharp cornered pontoons. The different shapes of the
columns and pontoons between published and present studies

Fig. 13. Examples of the motion trajectories in the XY plane for the semi-submersible with H/L ¼ 1.90 at different current incidences.

Fig. 14. Response in the transverse direction of the semi-submersible with different aspect ratios at 45� incidence: (a) non-dimensional amplitudes; (b) non-

dimensional frequencies.
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are likely to contribute to the variation of the VIM phenom-
enon. Further study into the influence of column shape on
VIM behavior of the semi-submersible is required. Moreover,
the influence of draft condition need to be well investigated for
each particular hull.

For high reduced velocities, there are almost no VIM
response for the semi-submersible with the other aspect ratios,
especially H/L ¼ 1.12 and 0.87. In low draft conditions, the
pontoon region is as major as the columns exposed to flow
incidence, and causes more tridimensional effects on the VIM
phenomenon. Thus, also taking into account the small
immersed length of the columns, the VIM behavior for the
semi-submersible with columns and pontoons is mitigated in
low draft conditions.

4.2. Yaw response

Fig. 15 presents the results of yaw response for the semi-
submersible with different aspect ratios at 45� incidence,
including the yaw characteristic amplitudes and the non-
dimensional frequencies. As discussed previously, the yaw
motion of the semi-submersible at 45� incidence is not as
pronounced as that at 0� incidence. The maximum character-
istic amplitude of 3� is observed for the semi-submersible with
H/L ¼ 1.90 and 1.73. It is possible to conjecture that the effect
of the draft condition on VIM of the semi-submersible studied
herein is small or ignorable, when the aspect ratio is not less
than 1.73.

The influence of the aspect ratio on the yaw response is
more significant in the other draft conditions, especially for
Ur � 6. The results indicate that the lower aspect ratio shows
lower yaw amplitudes. The yaw responses for different draft
conditions are concentrated around the respective natural
frequencies of the yaw motions in the range of 4 � Ur � 8.
This fact confirms the resonance behavior of the yaw response.
For high reduced velocities, the yaw motions of the semi-
submersible shows more random components and no single
frequency can be defined. Additionally, almost no yaw
response could be observed for the semi-submersible under
low draft conditions (i.e., H/L ¼ 1.12 and 0.87) at high
reduced velocities.

4.3. Motion trajectory in the XY plane

The motion trajectories in the XY plane for the semi-
submersible with different aspect ratios are plotted in
Fig. 16. It can be observed that the VIM responses with all
tested aspect ratios at 45� incidence occur along the diagonal
of the semi-submersible, and they are more pronounced
around the synchronization region, i.e., Ury6.

The motion trajectories show near-straight line response
with nearly constant amplitudes and frequencies in the pre-
lock-in region and the lock-in region, owing to the signifi-
cant motion in the transverse direction and the negligible
motion in the in-line direction. Moreover, the VIM responses
in the transverse direction present a similar level under
different draft conditions in the range of Ur � 8, except for H/
L ¼ 0.87, the amplitudes of which are slightly smaller. For
high reduced velocities in the post-lock-in region, varying
oscillation frequencies and varying amplitudes are observed
for the semi-submersible with aspect ratios not less than 1.44.
In addition, there is negligible VIM response for the semi-
submersible under the low draft conditions (i.e., H/L ¼ 1.12
and 0.87).

5. Summary and conclusions

An experimental study was conducted to investigate the
effects of the current incidence and draft condition on the
VIM behavior of a semi-submersible. Four incidence angles
varying from 0� to 45� and five aspect ratios of the immerged
column were tested in a reduced velocity range from 3.1 to
15.7.

The most significant transverse motions are observed at
30�e45� incidences in the range of 5 � Ur � 8, with
maximum values of Ay=L around 0.67 and 0.75, respectively.
In this range, the transverse response frequencies are around
the respective natural frequencies of transverse motions for all
current incidences. The in-line motions show more random
characteristics with small amplitudes compared to the trans-
verse motions, and the largest in-line amplitudes are observed
at 15� and 30� incidences. The most pronounced yaw response
is verified for the 0� incidence with a maximum value of

Fig. 15. Yaw response of the semi-submersible with different aspect ratios at 45� incidence: (a) non-dimensional amplitudes; (b) non-dimensional frequencies.
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approximately 4.5� in the range of 6 � Ur � 8. Moreover, the
VIM occurs primarily along the semi-submersible diagonals,
except for the 0� incidence.

The semi-submersible with aspect ratios of 1.90 and 1.73
shows similar characteristics of the VIM response at 45�

incidence. In the transverse synchronization range, the influ-
ence of draft condition can be ignored when the aspect ratios
are not less than 1.12. However, the significant effects are
observed at high reduced velocities and lower aspect ratios
show lower amplitudes. When the aspect ratio decreases 50%
to 0.87, the maximum value of the transverse motion decreases
30%. Moreover, the VIM responses of the semi-submersible
with aspect ratios of 1.12 and 0.87 at high reduced veloc-
ities are negligible, likely owing to the promoted tridimen-
sional effects around the connections of columns and
pontoons.

There are a number of other aspects relevant to VIM of
semi-submersibles. Experimental and numerical studies of the
pontoon effect have been carried out, and the results will be
reported in a separate paper. Further research is warranted on
the VIM of various semi-submersibles with different column
and pontoon shapes.
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